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Notch Signaling Controls Lineage Specification
during Drosophila Larval Hematopoiesis
enzymes necessary for immune-related melanization re-
actions and represent less than 5% of the cells; and
lamellocytes, which are essentially devoted to encapsu-
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Institut de Biologie Mole´culaire et Cellulaire lation of large-sized invading parasites and are pro-
duced upon parasitization [3–5]. At metamorphosis, the15 rue Rene´ Descartes
67084 Strasbourg lymph glands degenerate, and, in adults, only the plas-
matocyte population persists.France
A genetic dissection of hematopoiesis has recently
shown that hemocyte differentiation in embryos is de-
pendent on several transcription factors: blood cell fateSummary
is determined by the GATA factor Serpent (encoded by
srp) [6], plasmatocyte identity is specified by the zinc-Drosophila larval hemocytes originate from a hemato-
poietic organ called lymph glands, which are com- finger transactivator Glial Cells Missing (gcm) [2, 7], and
crystal cell identity is specified by the Runt domainposed of paired lobes located along the dorsal vessel.
Two mature blood cell populations are found in the AML1-related Lozenge transactivator (lz) [2]. The Friend-
of-Gata homolog, U-shaped (ush), antagonizes crystalcirculating hemolymph: the macrophage-like plas-
matocytes, and the crystal cells that contain enzymes cell development [8]. In larvae, a similar approach has
shown that gcm and lz, respectively, control plasmato-of the immune-related melanization process. A third
class of cells, called lamellocytes, are normally absent cyte and crystal cell differentiation [2]. srp is expressed
early in larval lymph gland cells, and it is assumed, al-in larvae but differentiate after infection by parasites
too large to be phagocytosed. Here we present evi- though not proven, that it has the same function as in
embryonic hematopoiesis.dence that the Notch signaling pathway plays an in-
structive role in the differentiation of crystal cells. Notch (N ) signaling defines an evolutionarily con-
served cell interaction mechanism that regulates cellLoss-of-function mutations in Notch result in severely
decreased crystal cell numbers, whereas overex- fate decisions of bipotent precursors in numerous devel-
opmental systems, including lymphoid differentiation inpression of Notch provokes the differentiation of high
numbers of these cells. We demonstrate that, in this mammals [9–11]. We have addressed here the potential
role of N in Drosophila hematopoiesis. For this, we firstprocess, Serrate, not Delta, is the Notch ligand. In
addition, Notch function is necessary for lamellocyte took advantage of the temperature-sensitive Nts1 allele.
We noted that, at a permissive temperature, Nts1 larvaeproliferation upon parasitization, although Notch over-
expression does not result in lamellocyte production. have a wild-type number of circulating plasmatocytes
and crystal cells (Figures 1A, 1B, and 1G). However,Finally, Notch does not appear to play a role in the
differentiation of the plasmatocyte lineage. This study when we shifted second instar larvae to the restrictive
temperature (29C), we observed that, at the wanderingunderlines the existence of parallels in the genetic
control of hematopoiesis in Drosophila and in stage, the mutant larvae exhibited a strong reduction
(up to 60%) in the number of crystal cells (Figures 1A–mammals.
1C); this reduction was not observed in wild-type Ore-
gonR flies placed at 29C. Plasmatocyte numbers wereResults and Discussion
not affected (Figure 1G). We extended this analysis by
using a transgenic line in which a cDNA sequence en-Drosophila hematopoiesis occurs in two distinct
phases, one that occurs during embryonic development coding a ligand-independent constitutively active form
of N (Nic, [12]) is placed under the control of UAS ele-and a second that occurs in larvae. In embryos, a popu-
lation of blood cells (hemocytes) differentiates in the ments. Overexpression of Nic with an ubiquitous Gal4
driver (hsp-Gal4) resulted in a dramatic increase in thehead mesoderm then migrates to colonize the whole
number of crystal cells in larvae (up to 7-fold comparedorganism [1]. These cells exhibit macrophagic activity
to heat-shocked UAS-Nic/ [Figures 1A and 1D] or toand are called plasmatocytes. A second population of
non-heat-shocked hsp-Gal4/UAS-Nic flies). Similar highhemocytes, the crystal cells (see below), differentiate
numbers of crystal cells were recorded in larvae carryingsimultaneously in the region of the anterior midgut [2].
the gain-of-function allele of Notch NMcd8 [13] (Figure 1A).In larvae, hematopoiesis takes place essentially in so-
Altogether, these results indicate that the function ofcalled lymph glands, which are composed of a variable
N is mandatory for crystal cell differentiation in larvalnumber (2–6) of paired lobes distributed along the dorsal
development. As plasmatocyte numbers remained wild-vessel [3–5]. The circulating hemolymph of larvae con-
type in these experiments, the observed phenotypes dotains three fully differentiated hemocyte types: plas-
not reflect a generalized effect on blood cell prolifera-matocytes, the professional phagocytes, represent the
tion, but they are specific to one lineage, i.e., the crystalmajority of the cells; crystal cells, which contain the
cells.
Notch signaling is activated by either the Serrate (Ser)1Correspondence: m.meister@ibmc.u-strasbg.fr
or the Delta (Dl) proteins, depending on the tissue and2 Present address: EMIP, UMR INRA-UMII 1133, Universite´ Montpel-
lier II, 34095 Montpellier Cedex 5, France. developmental stage considered [9]. We therefore
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Figure 1. Hemocytes in Larvae Mutant for the Notch Signaling Pathway
(A–F) Larvae of various genotypes were heated to 60C for 10 min, a process that provokes blackening of mature crystal cells, which are
subsequently easily visualized through the cuticle. (A) Crystal cell numbers in the last two posterior segments of third instar larvae of the
indicated genotype. Loss-of-fonction mutations in Notch pathway components lead to a reduction of the number of crystal cells. Gain-of-
function mutations give rise to the opposite phenotype. A total of 5–14 larvae were analyzed per genotype. A single asterisk indicates that
results are not significantly different from wild-type control; a double asterisk indicates that results are significantly different from wild-type
control (p  0.05). (B–F) Posterior part of third instar larvae of the following genotypes: OregonR (), Nts1 after 3 days at 29C, hsp-Gal4/UAS-
Nic, hsp-Gal4/UAS-Ser, and Dx1. The scale bar represents 100 m.
(G) Plasmatocyte numbers in third instar larvae. Note that the values are strongly dependent on the genetic background, and mutant cell
numbers must be compared to those of heterozygous siblings.
tested loss-of-function allelic combinations of both Dl instar larvae were almost totally devoid of crystal cells;
however, they had wild-type plasmatocyte counts (Fig-and Ser for their putative implication in crystal cell devel-
opment. We recorded a severe reduction in crystal cell ures 1A and 1G). In contrast, Dx (in Dx1 and DxP strong
hypomorphic alleles) mutant blood cell counts were nor-counts in Ser loss-of-function mutant larvae (Figure 1A),
and this observed reduction was similar to that observed mal for both cell types (Figure 1F), suggesting that the
effect of N on crystal cell production is Dx independent.in N larvae. In contrast, in mutants with no Dl activity,
we did not detect a significant effect on larval hemato- As stated above, crystal cells differentiate within the
larval hematopoietic organ, the lymph glands, and wepoiesis (Figure 1A). In parallel experiments, we overex-
pressed Ser or Dl by using the UAS/Gal4 system and examined the effect of the various mutations described
above on their differentiation in situ. For this, we usednoted a remarkable increase in crystal cell numbers sim-
ilar to that observed with Nic overexpression (Figures 1A an antibody raised against dipteran prophenoloxidase
(proPO, [14]), a zymogen required for melanization reac-and 1E). These data indicate that Ser, rather than Dl, is
the natural ligand of N in controlling crystal cell produc- tions [15]. In Drosophila, proPO is produced and stored
in crystal cells and is released during host defense reac-tion; although, Dl can affect this production when over-
expressed. tions [3, 4]. We first noted that, in wild-type larvae, proPO
is synthesized during the differentiation of crystal cellsWe then analyzed two well-established downstream
effectors of the Notch signaling pathway, Suppressor within the hematopoietic organ. Interestingly, a gradient
of differentiation was apparent within the successiveof Hairless (Su(H)) and Deltex (Dx), for their involvement
in hematopoiesis. We generated a larval viable Su(H) lymph gland lobes along the anteroposterior axis: the
anteriormost lobes contained numerous proPO-positiveinterallelic combination and observed that mutant third
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Figure 4. Effect of Notch Signaling on Lamellocyte Differentiation
(A and B) Nts1 second instar larvae raised at (A) permissive or (B)
restrictive temperature were infected with Leptopilina boulardi and
dissected 72 and 48 hr, respectively, after wasp infection. Blood
cells were visualized through DAPI staining of hemolymph drops.
In the absence of N function, the production of lamellocytes (inset
Figure 2. Expression of Prophenoloxidase in Larval Lymph Glands in [A]) is strongly reduced, although not abolished. Mostly plasmato-
cytes are observed in the circulating blood (inset in [B]).(A–F) Immunolocalization of proPO is shown in red. Third instar
(C) Molecular regulation of hemocyte differentiation in Drosophilalarvae lymph glands from (A) Nts1 raised at 18C, (B) Nts1 raised at
larvae. srp is expressed in all precursor cells. Plasmatocyte differen-29C, (C) Su(H)SF8/Su(H)HG36, (D) NMcd8, (E) hsp-Gal4/UAS-Nic, or (F)
tiation requires gcm function; crystal cell specification is controllede33C/UAS-Ser were stained with a rat anti-proPO antibody. Arrows
by the Notch signaling pathway, by lz, and by ush; and lamellocytepoint to proPO-positive cells.
production also requires N function and is affected by the Toll and(G) Detail of the anterior region of a heated e33C-Gal4/UAS-Ser
the JAK/STAT signaling pathways [20, 21]. The scale bar representslarva in which the lymph glands are visible; lymph glands contain
50 m.many blackened crystal cells within the anteriormost lobes. The
scale bar represents 50 m.
(Figure 2C) and in a Ser mutant context (not shown).
Conversely, activation of the Notch pathway in NMcd8cells, whereas the following lobes contained no or few
larvae (Figure 2D) and in larvae carrying UAS-Nic, UAS-positive cells and the posterior lobes were totally devoid
Ser, or UAS-Dl transgenes driven by hsp-Gal4 dramati-of differentiating crystal cells (Figure 2A). In Nts1 mutants
cally increased the number of proPO-positive cells inplaced at a restrictive temperature, the number of
lymph glands (Figure 2E and not shown). Not only wereproPO-positive cells was significantly reduced in the
the anteriormost lobes packed with such cells, but morelymph glands, and they were occasionally totally absent
posterior lobes were often found to contain large num-(Figure 2B). A similar phenotype was observed in a Su(H)
bers of differentiating crystal cells (Figure 2E). As ex-
pected, similar phenotypes were obtained when we used
the e33C-Gal4 driver [16], which is known to be strongly
expressed in the lymph glands (Figures 2F and 2G).
As mentioned above, the GATA factor Srp determines
the hemocyte fate in Drosophila. As srp is expressed in
the larval lymph glands, we asked whether this expres-
sion was affected in an N mutant context. We examined
Nts1 larvae raised at the restrictive temperature and ob-
served that the expression of srp was wild-type (Figure
3), which indicates that the effect of Notch signaling
on crystal cell differentiation occurs downstream of srp
function.
In Drosophila larvae, an additional blood cell type, theFigure 3. Effect of N Mutation on Serpent Expression in Larval
lamellocyte, is normally not present in healthy individu-Lymph Glands
als. Lamellocyte differentiation is triggered by immune(A and B) Nts1 larvae raised at (A) permissive or (B) restrictive temper-
conditions such as infestation by parasitic wasps thatature were stained with an anti-Serpent antibody. The scale bar
represents 50 m. lay eggs in second instar larvae [17]. Lamellocytes, to-
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results in the specific blackening of crystal cells [19]. Plasmatocytesgether with crystal cells, participate in the encapsulation
were obtained by ripping open the larvae at the level of the posteriorof wasp eggs, which are eventually killed within the
segment. As much hemolymph as possible was recovered on amelanized capsules. Lamellocyte production is initiated
coverslip, dried, and fixed for 3 min in 0.5% glutaraldehyde in PBS,
a few hours after wasp egg laying, and 48 hr later, lamel- then stained with DAPI (Sigma). All hemocytes, a vast majority of
locytes represent an important proportion of circulating plasmatocytes, were counted under an epifluorescence micro-
scope.hemocytes [3, 5]. We analyzed cellular reactions to wasp
For wasp infection, second instar larvae were submitted to eggparasitization in Nts1 larvae placed at the restrictive tem-
laying by Leptopilina boulardi for 2–4 hr and were then allowed toperature. Although the production of lamellocytes was
develop at the appropriate temperature. A total of 48 hr later (whennot totally abolished in the mutant larvae, it was signifi-
larvae were maintained at 25C or 29C) or 72–96 hr later (18C),
cantly reduced compared to wild-type larvae or to Nts1 they were bled on a coverslip, and the circulating hemocytes were
larvae that had been maintained at the permissive tem- treated as described above for DAPI staining.
perature (Figures 4A and 4B). Thus, the absence of N
Immunolocalizationfunction prevents normal lamellocyte differentiation in
Lymph glands were dissected in PBS and fixed for 20 min in 4%response to wasp parasitization. However, overexpres-
paraformaldehyde on ice. After several rinses in PBT (PBS  0.1%sion of Nic does not result in lamellocyte production, in
Tween-20), they were blocked for 2 hr in PBT-3% BSA at room
contrast to crystal cells (not shown). temperature, then incubated in antibody at the appropriate dilution
(rat anti-proPO [14] at 1:500; rabbit anti-serpent at 1:1000) in PBT-
BSA overnight at 4C. Several rinses in PBT were followed by a 2-hrConclusions
incubation in secondary antibody at 4C (Alexa Fluor 546 goat anti-In essence, our data indicate that the Notch signaling
rat IgG and Alexa Fluor 546 goat anti-rabbit IgG diluted 1:500, Molec-
pathway plays an instructive role in the specification of ular Probes), then five rinses in PBT. The lymph glands were finally
the crystal cell lineage in Drosophila larvae. This role mounted in Vectashield (Vector Laboratories) fluorescent mounting
is distinct from that reported for the lz gene. Indeed, medium.
although lz function is mandatory for crystal cell differen-
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